The subterranean structure of inhabited burrows (illustrated in Monteith and Storey 1981) varies seasonally. From late summer to early spring, following the emergence of teneral adults onto the soil surface, burrows may contain a male, a female or a male and female pair. Most burrows during this period consist of a short vertical shaft (5-8 cm) and a small chamber, and are termed feeding burrows. From early winter onwards, most burrows contain a male and female pair and consist of a long entrance that runs vertically (~10 cm) and then horizontally (3-5 cm) before terminating in a large chamber. Females in these brood-burrows oviposit single eggs into small balls of material taken from the larder (brood balls). Larvae hatch inside the brood balls. Brood balls are coated with additional material from the larder throughout growth and development. Females remain in the brood-burrow until death. Males usually remain in the brood-burrow until larvae pupate and sometimes until after the emergence of teneral offspring from brood balls. However, from mid to late summer, the male may leave the brood chamber and reside in a small subchamber above the brood chamber. These burrow complexes are termed double brood-burrows.
While Monteith and Storey (1981) provide valuable information on the natural history of C. armiger, data are lacking in several key areas important for understanding and interpreting the reproductive ecology of this species. For example, Monteith and Storey (1981) could not determine whether biparental care is obligate and their irregular sampling meant that no inferences could be drawn about patterns of pair formation or the operational sex ratio. Finally, the distribution and availablility of burrows for brood-rearing is poorly understood.
The broad aim of this study was to investigate aspects of the ecology of C. armiger that are likely to be important for reproduction. Specifically, we examine the patterns of variation in the breeding cycle, changes in the operational sex ratio in relation to the breeding cycle, variation in broodrearing associations, the spatial distribution of burrows and the excavation and recycling of brood-burrows. These data are obtained for natural populations by intensive sampling of burrows, using artificial brood-burrows, and marking individuals in artificial brood-burrows and on the soil surface.
Methods

Field site and sampling techniques
Fieldwork was conducted in Tooloom National Park (28°29′S, 152°31′E), north-eastern New South Wales, Australia at an altitude of 700 m. The park contains both subtropical rainforest and wet sclerophyll forest. The study was restricted to subtropical rainforest within the national park and was concentrated along a sidetrack that ran off an old logging road (Tucker Box Road). This area was selected because beetles were common and burrows were easily located. The habitat was bare earth with leaf litter and patchy ground vegetation. Fieldwork was conducted from March 1997 to April 1999. Within this period, monitoring was undertaken in two reproductive seasons: from April 1997 to February 1998 , and from April 1998 to March 1999 Beetles were sexed and individually marked with plastic numbered tags, 2 mm in diameter, that were attached with super glue to either the dorsal or ventral surface. Both abdominal surfaces were utilised because limited combinations of tag numbers and colours were available. There is an overlap of generations during the emergence of teneral adults, which can be identified by a lack of tibial wear (Monteith and Storey 1981) .
Separate plots were used for each of four sampling techniques: mapping of burrows, excavated survey of burrows, soil surface activity of individuals and artificial brood-burrows. The soil surface activity of individuals was investigated in 10 × 2 m belt transects. Study plots for all of the other sampling techniques were 4-m 2 plots in the track, bounded on two sides by the track boundary, and running along the length of the sidetrack and its branches. All plots were separated by at least 10 m to ensure that only one sampling technique was used at each plot.
Mapping of natural burrows
Burrows were defined as sites of beetle residence and were visible as either a hole in the ground or an area of raised soil. Burrows were marked using bamboo skewers with tags attached, a grid was established on the 2 × 2 m plot, and the x-y coordinates of the burrows on the grid were recorded. Individual burrows were mapped and recorded as active or inactive periodically from November 1997 to April 1999. Thirteen plots were sampled in November 1997 and the original 13 plus another five (n = 18) were sampled from December 1997 until April 1999. Burrows were recorded as active if they satisfied at least one of the four following criteria: (1) leaf material in the entrance, (2) excavated soil around the entrance (push-up), (3) a beetle visible in the entrance, or (4) an open entrance. Burrows were recorded as inactive if the entrance was closed and there was no push-up. Disturbance of plots during the survey meant that it was not possible to determine whether some burrows were active or inactive. These burrows were recorded as undetermined. Active brood-burrows were further classified as newly excavated if there was any fresh dirt in the push-up or recycled if there was brood-rearing debris in the push-up. From these data, the density of active and inactive burrows per plot was calculated for each plot. A box plot of the density of burrows at each plot was used to allocate plots to one of three classes of density. The plots were surveyed and classified at each stage of the breeding cycle. High-burrow-density plots were defined as the higher tail of the box plot, medium-burrow-density plots were defined as the third quartile and low-burrow-density plots were defined as the first quartile and lower tail. These plots were used as control plots for classifying other plots according to burrow density. The plots used for each of the other sampling methods were mapped before field work and classified on the basis of box plots of burrow density at control plots, generated for each stage of the breeding cycle.
Survey of excavated natural burrows
All active and inactive natural burrows were excavated after natural burrows were mapped and burrow-density was calculated. In total, 609 natural burrows in 87 plots were excavated between 26 March 1997 and 16 April 1999. Excavation destroyed burrows. Excavation was undertaken between 1100 and 1500 hours when the surface temperature was highest and beetle activity levels were lowest. Each natural burrow was classified as a feeding, brood or double brood burrow, following Monteith and Storey (1981) . The number and sex of beetles, and the presence of larder and brood balls in each natural burrow were recorded.
Offspring development was recorded for each brood ball as an egg, larva, pupa or hardening teneral adult. The size of brood balls varied with the stage of offspring development but not enough to differentiate between egg and early larva, late larva and pupa and late pupa and hardening teneral adult. To confirm the stage of offspring development, we scraped the brood ball with a fingernail until the contents were visible. Eggs were immobile within small brood balls. Larvae were identifiable because they defecated into the tear in the outside wall of the brood ball. Pupae were immobile within large brood balls. Hardening teneral adults were maroon in colour and later turned black. For each sampling date, the proportion of brood-burrows in each stage of the breeding cycle was determined. For each sampling date, the stage of the breeding cycle of the population was defined as the stage attained by most of the natural brood-burrows in a sample.
Generally, the operational sex ratio is calculated as the number of sexually receptive females divided by the number of sexually receptive males. In this study, the operational sex ratio was estimated as the proportion of pre-ovipositing and ovipositing females (pre-brood-rearing females and females with eggs) divided by the number of males. Clearly, this metric assumes that these groups of individuals are rarely unable to seek mates and always sexually receptive, and our observations suggest that this is the case (Dalgleish 2002) .
Soil surface activity of individuals
To investigate soil surface activity, one transect was surveyed in each of a low-, medium-and high-burrow-density plot on 19 sampling dates between 8 April 1997 and 13 April 1999. The number and sex of beetles observed on the surface, their activity and the x-y coordinates of their position on each transect were recorded. The activity of beetles was recorded as undetermined, copulating or foraging (carrying leaf material). Individuals stand still when disturbed, but become active after a few minutes. To ensure that no animal was sampled twice, all captured individuals were held in containers and were processed after all transects were surveyed. This also standardised sampling time between transects as processing each individual took a few minutes.
Artificial brood-burrows
Artificial brood-burrows were based on the dimensions of real broodburrows and were constructed from clear plastic containers (5 × 5 × 4 cm) with lids. Grey plastic conduit pipe of internal diameter 1.5 cm and length 10 cm was attached to the base of the container to provide an entrance tunnel to the brood chamber. Containers were buried so that the opening of the entrance was flush with the ground surface. Artificial broodburrows were reburied in the low-, medium-or high-burrow-density plots from which they were initially excavated. In each season, lowburrow-density plots were 8 m 2 in area to ensure a sufficient sample size of artificial brood-burrows. In each season, one plot was selected for use as each of a medium-and high-burrow-density plot. After mapping, active natural brood-burrows were excavated and their residents (single females, single males and pairs) and any larder and leaf material were transferred into artificial brood-burrows in either April 1997 April (1997 April -1998 or April 1998 April (1998 April -1999 . In total, 56 artificial broodburrows were established in six plots. Individual artificial brood-burrows were re-excavated and the number and sex of beetles, presence of any larder and brood balls, and the offspring stage of development were recorded before the artificial brood-burrow was replaced.
Results
Breeding cycle
The proportion of excavated natural brood-burrows at each stage of the breeding cycle is given in Table 1 . In both seasons, there was considerable overlap between stages of the breeding cycle: some natural brood-burrows were still pre-brood-rearing when most contained larvae. In the 1997-1998 season, the egg stage of the breeding cycle was the most synchronised, while the pre-brood-rearing and Breeding ecology of C. armiger 
Associations among beetles and the operational sex ratio
The proportions of single and paired individuals in excavated natural burrows varied according to the sex of the individual and the stage of the breeding cycle (Table 2 ). In the prebrood-rearing and egg, larval and pupal stages of the breeding cycle there were nearly always more paired than single individuals ( Table 2 ). The operational sex ratio was femalebiased (χ 2 (1) = 5.97, P = 0.05) (Fig. 1 ) and did not vary significantly across stages of the breeding cycle in either season (1997-98: χ 2
(1) = 0.07, P = 0.79; 1998-99: χ 2 (1) = 0.89, P = 0.34) (Fig. 1) .
Brood-rearing associations
Slightly more females reared broods in a pair than alone. In artificial brood-burrows, 61% of females reared their broods in a pair (n = 51 females). In excavated natural burrows, at least 65% of all females were in pairs in the larval stage of the breeding cycle in both seasons (Table 2 ). In contrast, males were nearly always in a pair. In artificial broodburrows, 90% of males reared brood in a pair. In excavated natural burrows, ~75% of males were in pairs in the larval stage of the life cycle in both seasons (Table 2 ). In artificial brood-burrows, two unusual brood-rearing associations were noted: one male reared a brood alone after the female died during the larval stage, and one burrow contained two males and a female. One male remained in the burrow until the larval stage of offspring development and the other until the pupal stage of offspring development.
Soil surface activity
Males were always more active on the surface than females throughout different stages of the breeding cycle (Fig. 2) . Surface activity was greatest in the teneral and pupal stages of the breeding cycle. Females from the previous season were never observed on the surface during the pupal, teneral and pre-brood-rearing stages of the breeding cycle. However, previous-season males were observed on the surface in the teneral and pre-brood-rearing stages of the breeding cycle (Table 3 ). The surface activity of teneral males was greater than that of previous-season males in the teneral stage of the breeding cycle in each season (Table 3) .
Burrows
Natural brood-burrows were recycled between seasons or were newly excavated. Newly excavated burrows on the main track were washed away as a result of severe erosion associated with rain in both seasons. Burrows on sidetracks with lower gradients and those in the rainforest were not adversely affected by rain. The density of active natural burrows within plots varied significantly with stages of the breeding cycle (repeated-measures ANOVA: F 9,33 = 14.82, P < 0.01). The density of active natural burrows declined in the pupal stage of the breeding cycle and peaked in the prebrood-rearing stage of the breeding cycle in both seasons
Breeding ecology of C. armiger Table 2 ). The number of samples is given in parentheses where it exceeded one. (Fig. 3 ). There were significantly more recycled broodburrows in low-and high-than medium-burrow-density sites (χ 2 (2) = 39.08, P < 0.01) ( Table 4) . Pairs always occupied natural double brood-burrows. The density of inactive natural burrows within plots varied significantly with stages of the breeding cycle (repeated-measures ANOVA: F 9,33 = 65.56, P < 0.01). Inactive natural burrows declined in density in the teneral stage during the 1998-1999 breeding season (Fig. 4) .
Discussion
The decrease in the proportion of solitary individuals from the teneral to the brood-rearing stages of the breeding cycle suggests that pair formation typically occurs at this time. Interestingly, some males remain single throughout the brood-rearing stages of the breeding cycle, suggesting that single males are either non-breeding or that single males secure paternity in the broods of single and/or paired females without contributing to the care of offspring.
There was considerable variation in the timing of the stages of the breeding cycle. For example, some females were ovipositing when other brood-burrows were in the pupal stage of the breeding cycle, although the proportion of females ovipositing is lowest in the larval stage of the breeding cycle. This asynchrony implies that, for males, mating opportunities with females in their fertile period were available throughout the breeding cycle. This may influence whether or not paired males remain and care for offspring or desert and seek mating opportunities elsewhere. It is unclear whether temporal variation in the breeding cycle is a function of temporal variation in burrow preparation, larder preparation and/or maturation of the reproductive organs of females and males. It seems unlikely that burrow or larder preparation inhibit oviposition as pairs often form several months before oviposition, suggesting that there is ample time for both burrow and larder preparation. Thus, intraspecific variation in the maturation of the reproductive organs is a more probable explanation of temporal variation in the breeding cycle.
There is an association between the breeding cycle of C. armiger and ovarian and testicular development and degeneration. Ovarian degeneration occurs towards the end of the female lifespan, usually in the pupal and teneral stages of the breeding cycle (Monteith and Storey 1981; Lopez and Guerrero 1995) and is apparently associated with reduced food availability during brood-rearing (Lopez-Guerrero 1996) . In the laboratory, testicular development occurred in January, February and March (equivalent to the teneral stage of the breeding cycle in the current study), mature sperm were present from the end of March to October (equivalent to the pre-brood-rearing, egg and larval stages of the breeding cycle in the current study) and testicular degeneration was observed from October to December (equivalent to the pupal and teneral stages of the breeding cycle in the current study) (Lopez-Guerrero and de Halffter 1991) . These studies do not contradict our results, but rather the variation in the breeding cycle suggests that there is considerable intra- Larval (31) Pupal ( specific variation in the maturation and degeneration of reproductive organs. The female bias in the operational sex ratio may be a product of sex differences in survivorship (Emlen and Oring 1977; Partridge and Endler 1987) and/or a bias to female offspring in broods (Clutton-Brock 1991) . This bias is unlikely to be a product of sex differences in survivorship given that the female bias was most pronounced in the teneral stage of the breeding cycle when females on the soil surface and those in burrows were teneral, while males were either from the previous season or teneral. A female sex-ratio bias in broods is the most likely explanation for the female bias in the operational sex ratio observed in the field and such a bias was observed in both the field and laboratory (Dalgleish 2002) . The female bias in the operational sex ratio implies that males may initially be more selective in their choice of mates than females. It also suggests that males may be less committed to brood-rearing than females given that other mating and pairing opportunities exist.
Both single and paired females were observed broodrearing. In all, 39% of females were single when excavated and transferred to artificial brood-burrows, and all of these females reared broods alone. Monteith and Storey (1981) did not report single females rearing broods. The single females observed in the field were not a consequence of male desertion because male desertion was restricted exclusively to post-oviposition stages of the breeding cycle, suggesting that in this study single females were the result of females initiating brood-rearing alone (Dalgleish 2002) . Instead, broodrearing by single females is most likely a consequence of the lack of available males during pair formation. This suggests that biparental care is not obligatory and raises questions about what factors influence variation in the observed patterns of brood-rearing associations and why some males provide care.
Natural brood-burrows are often recycled, suggesting that the cost of excavating is substantial. There are several plausible explanations for the greater proportion of recycled natural brood-burrows in both low-and high-burrow-density plots compared with medium-burrow-density plots. At low burrow-density the soil root mass was greater and there were frequent gaps in the canopy than at other burrow-density plots. These factors may have resulted in decreased burrow humidity and suitable habitat for burrow construction may have been limited in these plots. Conversely, high-burrowdensity plots were usually associated with a complete canopy and the absence of large trees adjacent to the track. Highburrow-density plots may reflect optimal habitat and habitat saturation may lead to greater pressure to recycle broodburrows. This explanation suggests that brood-burrows are a limiting resource for reproduction. Accordingly, individuals that secure brood-burrows are expected to show enhanced attractiveness over individuals that do not and this attractiveness may be independent of the operational sex ratio. It is unclear how brood-burrows were recycled. Brood-burrows were recycled only between generations, suggesting that recycling may occur as either a result of the inheritance of brood-burrows from parents by natal offspring or by the occupation of brood-burrows by unrelated teneral individuals. Larval (31) Pupal (18) Teneral (18) Pre -brood rearing (54) Egg (18) Larval (18) Pupal (18) Teneral (54) Pre -brood rearing (18) 
